In some topological insulators, such as graphene and WTe2, band inversion originates from chemical bonding and space group symmetry, in contrast to materials such as Bi2Se3, where the band inversion derives from relativistic effects in the atoms. In the former, band inversion is susceptible to changes of the chemical environment, e.g. by defects, while the latter are less affected by defects due to the larger energy scale associated with atomic relativistic effects. Motivated by recent experiments, we study the effect of Te-vacancies and Te-adatoms on the electronic properties of WTe2. We find that the Te-vacancies have a formation energy of 2.21 eV, while the formation energy of the Te-adatoms is much lower with 0.72 eV. The vacancies strongly influence the band structure and we present evidence that band inversion is already reversed at the nominal composition of WTe1.97. In contrast, we show that the adatoms do not change the electronic structure in the vicinity of the Fermi level and thus the topological properties. Our findings indicate that Te-adatoms should be present in thin films that are grown in a Te-rich environment, and we suggest that they have been observed in scanning tunneling microscopy experiments.
I. INTRODUCTION
The advent of topological band theory led to the discovery of a plethora of new topological phases in three-dimensional (3D) materials, facilitated by the extensive databases available from experiment. 1-3 In contrast, stable two-dimensional (2D) topological materials are still largely unexplored as the available databases are comparatively much smaller. Recently, however, monolayers of transition metal dichalcogenides (TMD) of the general formula M X 2 , such as the type-II Weyl semimetal 4 WTe 2 , have been theoretically predicted to be 2D topological insulators (TI). [5] [6] [7] Monolayers of TMDs have attracted significant interest in recent years due to their diverse electronic and optical properties that can be used in technological applications. 8 Shortly after the theoretical prediction, many groups have reported fabrication of thin films of WTe 2 9-13 and have already found experimental evidence for topologically protected edge states in monolayer devices. [14] [15] [16] [17] Monolayers of WTe 2 are ideal model materials to study 2D topological phases due to their large band gap. In addition, the interplay of spin-orbit coupling (SOC), low crystal symmetry and high electron mobilities gives rise to other phenomena of interest such as large spin-orbit torques that could be used in spintronic devices. 18, 19 General topological arguments suggest that a TI should not be affected by disorder, as long as the inversion between valence and conduction bands is maintained and a bulk band gap exists, while time-reversal symmetry (TRS) is preserved on average 20 . This statement is expected to hold for TIs in which the band inversion is due to atomic relativistic effects, which are only weakly dependent on the crystal structure and the chemical environment, as is the case with HgTe, Bi 2 Se 3 , KHgSb and monolayers of Bi. [21] [22] [23] [24] [25] In contrast, there is another class of TIs, such as graphene and monolayers of WTe 2 , where band inversion is not due to relativistic effects, but to the chemical environment and symmetry, which we will call pre-inverted TIs. 6, 26, 27 One can make this distinction more precise in the language of elementary band representations (EBRs) introduced by Bradlyn et al. (a) Schematic band structure of an pre-inverted TI such as WTe2 or graphene. Without SOC, the material is a topological semimetal with a Dirac crossing , i.e. the band structure forms a connected EBR (see text for explanation). Upon inlusion of SOC, the Dirac cone gaps and the bands split into two disconnected sets. All four bands form a disconnected EBR, while none of the pairs alone does. If only one of the disconnected sets is occupied, the material is a TI. (b) Schematic band structure of an atomic-TI, such as HgTe or Bi2Se3 that derives from a band inversion between two different EBRs. When scalar relativistic effects such as the Darwin-term are above a threshold, two EBRs can overlap and the band structure is metallic, forming a composite EBR. Upon consideration of SOC, the band crossings gap out and an insulator is formed. All four bands still form a composite EBR, while none of the pairs is an EBR. Therefore the band structure is topological, if only one set of bands is occupied.
into a set of other band representations. For example, the set of bands making up the Dirac cone in graphene represents an EBR induced by the carbon p z orbitals. A disconnected set of bands, i.e. a set of bands that is separated from other bands by a gap is topological, if it cannot be derived from an EBR, i.e. if it cannot be derived from a set of localized Wannier functions. In 'pre-inverted' TIs such as graphene and WTe 2 , the valence and conduction bands form a connected EBR that decomposes into a disconnected one once SOC, even infinitesimal, is considered [ Fig. 1(a) ]. While the sum of both valence and conduction bands is an EBR, neither the valence band nor the conduction band alone are an EBR. Therefore, if only the lower set of bands is occupied, the system has to be a TI. In contrast, 'atomic TIs' are gapped without SOC, as the valence and conduction band form a composite band representation [ Fig. 1(b) ]. 28 In these compounds, scalar relativistic effects such as the Darwin term are strong and EBRs invert to form a composite, metallic EBR. Once SOC is considered, a gap opens while the EBR remains composite. However, the disconnected components are topological. 29 In pre-inverted TIs such as WTe 2 , changes of the local bonding due to defects can reverse the band inversion and drive the material into a topological trivial state.
The energy scale associated to this transition is expected to be small compared to energy scale of atomic relativistic effects. For example, in the simplest model of a 'pre-inverted' TI, the Kane-Mele model, the energy scale of the phase transition to a topologically trivial insulator is of the order of the next-nearest neighbor hopping term. 20 For this particular class of materials it is essential to understand the influence of defects on the electronic structure. 13, 30, 31 In this paper, we study the effect of Te-vacancies and Te-adatoms on the topological and electronic properties of monolayer WTe 2 . This is motivated by recent experiments, which have shown that Te-vacancies have drastic effects on the properties of thin WTe 2 films, such as a much lower mobility, increased scattering rates and much higher resistance at lower temperature. 32 In contrast, a recent scanning tunneling microscopy (STM) study showed the existence of topological edges states on step edges of WTe 2 , despite the presence of unidentified defects. 33 We propose that these defects are Te-adatoms which possess a low defect formation energy of 0.72eV in Te-rich conditions. These findings are supported by the fact that monolayers of WTe 2 are usually obtained from bulk crystals of WTe 2 grown in a Te-rich environment 17, 34 . Our calculations show that Te-vacancies could drive the system into a trivial state, while the effect of Te-adatoms can be considered as a weak perturbation to the 2D TI state in accordance with experiment. We show that this distinction occurs because vacancies and adatoms have a different effect on the chemical bonding responsible for band inversion in WTe 2 .
II. MONOLAYER WTE2
TMDs with heavy elements such as WTe 2 occur in distorted 1T structures. This distortion can be attributed to relativistic effects that determine the relative level alignment of the p-and d−orbitals. 35 In the case of WTe 2 , the structure distorts from the 1T to the orthorhombic 1T structure in which the W atoms form linear chains [ Fig. 2(a) ]. In absence of SOC, a monolayer of WTe 2 in the 1T structure is a topological Dirac semimetal with two Dirac crossings along XΓX,protected by a glide symmetry along the W-chain direction. Similar to graphene, the band structure is already inverted. Upon inclusion of SOC the Dirac cones gap and the system becomes a 2D-TI [ Fig. 2(b) ]. [5] [6] [7] In contrast to other TMDs, where the band gap is between filled M − d orbitals and unoccupied X − p orbitals, the W-d states are strongly hybridized with the Te-p states around the Fermi energy (E F ) in WTe 2 , due to the small difference in electronegativity between W and Te [ Fig. 2(c) ]. The bonding in WTe 2 is therefore quite different from other TMDs such as MoS 2 . We thus expect WTe 2 to be especially susceptible to defects or disorder that disrupts the bonding between W and Te atoms.
III. EFFECT ON THE ELECTRONIC STRUCTURE
We now discuss the influence of two experimentally relevant Te-defects, namely Te-adatoms and Te-vacancies, on the electronic structure and topological properties of WTe 2 . These defects have been chosen since they are relevant for ongoing experimental work, e.g. Tevacancies have been shown to influence the transport properties of thin WTe 2 films significantly. 32 To understand the influence of these defects on the band inversion, we calculated the band structures without SOC for a fully relaxed 5 × 3 supercell of (i) pristine WTe 2 , (ii) a Te-vacancy with a formation energy of E(V ) = 2.21 eV and (iii) a Te-adatom with a formation energy of E(A) = 0.72 eV . The defect formation energies were calculated in Te-rich conditions taking into ac-
for the vacancy, where E is the energy of the pristine supercell and E (A/V ) is the energy of the supercell with adatom/vacancy, while µ T e is the chemical potential of crystalline Tellurium (see App. A for computational details). In the pristine supercell, band backfolding leads to the appearance of two Dirac crossings along ΓX close to E F , while a large gap separates valence and conduction bands in the rest of the Brillouin zone [ Fig. 3(a) ]. By removing a Te-atom, the band structure changes dramatically [ Fig. 3(b) ]. The Dirac-crossings disappear and a gap is opened along the ΓX line with almost flat bands close to E F . By plotting the atomic weights of the W-atoms surrounding the vacancy, we see a large contribution of these atoms to the flat bands close to E F , indicating a localized set of states that does not disperse. This suggests that the W-d states around the vacancies form non-bonding dangling bond states, consistent with the large formation energy of this defect. The formation of a vacancy disrupts the network of strong covalent, almost metallic bonds. Since the Dirac crossings stem from both W-d and Te-p states, a vacancy cannot considered to be a weak perturbation, as it significantly and qualitatively alters the electronic structure close to E F . In contrast, the electronic structure of WTe 2 with an Te-adatom is changed only slightly close to E F . [Fig. 3(c) ] The interaction of the adatom with the layer leads to a splitting of the atomically degenerate p-orbitals. Due to the 2D nature of the monolayer, the in-plane p x and p y orbitals of the adatom interact differently with the monolayer and are lower in energy with respect to the out-of-plane p z orbital. A neutral Te atom possesses four p electrons and we therefore expect the two p x and p y adatom states to be occupied and the p z states to be unoccupied. This is reflected in the atomic weights of the adatom states in Fig. 3(c) , where the p x , p y states are clearly separated from the unoccupied p z states by over 1.5 eV. Due to the large splitting between the in-and out-of-plane orbitals, the adatom states do not contribute to the states close to E F and the band crossing remains largely unaffected. The main effect of the adatom is the breaking of the translational symmetries {E| 1 5 00} and {E|0 1 3 0}, which are the trivial translational symmetries obtained by creating a 5 × 3 supercell. These symmetries lead to non-symmorphic degeneracies at high-symmetry points due to the back-folding of the bands in the supercell. Breaking of this symmetry slightly gaps the degeneracies induced by the band folding, but does not significantly change the band crossings close to E F . The strong covalent bonds that contribute to the Dirac cone in WTe 2 stem from strong in-plane bonds. An adatom that perturbs the bonding perpendicular to the plane can therefore be treated as a weak perturbation to the band structure, in contrast to the Te-vacancy, which strongly disrupts the in-plane bonding and the states close to E F . We confirm these conclusions by calculating the spectral functions of the supercells, which have been back-folded into the primitive BZ along the Γ − X direction using the bandup-code. 36, 37 The spectral function is given by A(k, ω) = n P nK (k)δ(ω − ε n (k)), where the spectral weight P nK (k) = m | mK|nk | 2 is defined via the overlap of a state |mK of the supercell with the state |nk at energy ε n (k) of the primitive cell; the k-vectors K of the supercell are related to the k-vectors k of the primitive cell by a unique folding-vector G via K = k − G. The back-folding of the spectral function of the pristine supercell [ Fig. 4(a) ] into the primitive BZ reproduces the well-known band-structure of WTe 2 . Introducing a Tevacancy [ Fig. 4(b) ] strongly perturbs the band structure and leads to a suppression of spectral weight for a large range of energies as shown in Fig. 3(b) . The spectral function close to E F is very different from that of the pristine material. The band crossings are absent, indicating that the Te-vacancy drives the system into a topologically trivial state that is not perturbatively connected to the pristine band structure.
In case of the Te-adatom [ Fig. 4(c) ], the spectral function close to the Fermi-level changes slightly relative to the pristine material due to a small band splitting that generates a pocket near the Γ-point. However, the Diraccrossing is left unperturbed and the system should be a 2D TI upon inclusion of SOC. The band splitting is due to the symmetry breaking induced by the adatom. We have highlighted two supercell bands denoted by B1 and B2 in Fig. 3(a) and (c), which fold into the less dispersive band of the Dirac cone in the primitive BZ. Without adatom, these two bands are degenerate at X and Γ and therefore fold back into the same band. In presence of the adatom, the degeneracies are lifted and the bands do not fold back into one unique band in the supercell, leading to a splitting of spectral weight between the two now inequivalent bands. Upon consideration of SOC [ Fig. 4(d) ], we find that the Dirac cone gaps as expected. The states close to E F remain broadened due to the symmetry breaking effect of the adatom discussed above. A spectral gap between the valence and conduction band remains in which we expect topological edge states to appear.
IV. TOPOLOGICAL PROPERTIES
A monolayer of WTe 2 without SOC possesses an inverted band structure with two Dirac cones along XΓX, which guarantees the 2D TI phase upon inclusion of SOC due to the presence of the in-plane glide symmetry. 6 Point defects will necessarily destroy the non-symmorphic symmetry and thus a gap opening via SOC does not guarantee a 2D TI state in the presence of defects. Perturbative changes to the band structure without SOC, that leave band-inversions and Dirac cones intact, are not expected to change the topological invariant of WTe 2 , as long as they do not close the bulk band gap. To confirm that the topological structure is indeed left-intact by the presence of adatoms, we calculated the edge spectral function of a ribbon periodic in thex-direction, constructed from N = 15 supercells (4 × 2) with one Te-adatom per supercell. The spectral function has been calculated from a tight binding model that we obtained from a Wannier interpolation of the DFT band structure with SOC. 38 Fig. 4(d) shows the bulk projection of the spectral function which displays a well defined bulk band gap. As expected, a surface state connecting valence and conduction bands can be observed clearly in Fig. 4(e) , where the spectral function has been projected on the edge, proving that the adatoms do not change the topological nature of the slab. Strong perturbations that gap the Dirac cones on the other hand may lead to a transition to a topologically trivial state. Our calculation shows that a vacancy concentration of about one percent could already be sufficient to destroy the topological state. Furthermore, it is expected that the adatom defects will not serve as strong scattering centers, since they leave the states close to E F almost unchanged, and there is no contribution from adatom orbitals. Vacancies on the other hand are expected to scatter the conduction electrons strongly. Our findings suggest that a systematic study of electron mobilities as a function of adatom and vacancy defect concentration could be of great interest in thism material, which can be induced by changing the growth conditions 32 or by other techniques such as ion bombardment. 
V. STM-IMAGES
Recent scanning tunneling microscopy (STM) experiments on WTe 2 have shown the existence of localized states on step edges in presence of un-identified defects on the surface of the material. 33 Because of the layered nature of bulk WTe 2 , a step edge can be modeled as a monolayer of WTe 2 on top of bulk WTe 2 . As long as the coupling between the monolayer and the bulk is smaller than the band gap of the monolayer, the topological edge states of the monolayer are expected to be present on step edges, which is in agreement with the experimental findings. The identification of the defects present in the STM images could yield important information about the nature of the step edge states as well as the stability of the TI state in monolayers of WTe 2 in general. Based on the results of the previous section, we propose that the defects observed in these experiments are Te-adatoms, since their formation energy in a Te-rich environment is low, while they leave the topological structure of the material unperturbed. To confirm this hypothesis, we have calculated STM images of a Te-adatom on a monolayer of WTe 2 at zero-bias [ Fig. 5 ]. The experimental image shows the same characteristic shape as the calculated images, i.e. a characteristic "headphone"-like shape of two maxima extended along the W-chain direction which resembles a distorted p x atomic orbital. 33, 39 .
VI. CONCLUSION
We have studied the effect of two point defects on the topological properties of monolayers of WTe 2 . We find that Te-adatoms have a low formation energy and that they do not affect the topological properties. In contrast, Te-vacancies with a higher formation energy are likely to change the topological properties of the material since they strongly perturb the electronic structure close to the Fermi-level. We predict that Te-adatom should be present in samples grown in Te-rich conditions, while Tevacancies should have a consideratly lower concentration. Our findings are supported by recent STM images that measured topological edge states on step edges of WTe 2 in presence of un-identified defects, which we identify as Te-adatoms based on computed STM images.
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